A real-time RT-PCR assay utilising light upon extension fluorogenic primer (LUX RT-PCR) was developed for the rapid and efficient detection of avian influenza viruses (AIV). The assay detected each of the AIV isolates tested (16/16) and gave negative results with heterologous pathogens (17/17). The detection limit of the assay proved to be 10 -0.5 EID 50 /0.2 ml and 10 1.5 EID 50 /0.2 ml in allantoic fluid of virus-infected embryonated chicken eggs and in spiked chicken faeces samples, respectively. Based on its specificity, sensitivity and relative simplicity, the LUX RT-PCR assay provides a novel, rapid and cost-effective diagnostic tool for avian influenza surveillance and monitoring programs.
and the isolated virus is further characterised by its haemagglutinating properties. Using monospecific antisera, 16 haemagglutinin (H1-H16) and 9 neuraminidase (N1-N9) subtypes of influenza A viruses are discriminated at present according to the World Organisation for Animal Health (OIE, 2004) . Virtually all H and N combinations have been found in birds. To date, highly virulent influenza A viruses that produce acute clinical disease and high mortality rate in chickens and turkeys have been associated only with the H5 and H7 subtypes. Due to the risk of a H5 or H7 virus of low virulence becoming virulent by mutation, all H5 and H7 viruses have been identified as notifiable avian influenza viruses (OIE, 2004) . Currently, influenza A H5N1 virus is of particular public health concern since it has caused human fatalities in East Asia, (mainly in Vietnam, Thailand, Indonesia and most recently in China), and the virus has already spread from Asia into Europe (http://www.oie.int/eng/en_index.htm). Besides H5N1, the increasing frequency of emergence of the highly pathogenic H7N3 and H7N7 influenza viruses and the panzootic spread of H9N2 influenza virus, all of which can be potentially transmitted to humans, have both veterinary and human public health concern. Strategies to reduce the chance of emergence of influenza pandemics include the highly effective detection of AIV either in its reservoirs or in clinical samples originating from disease outbreaks (Webster and Hulse, 2004) .
Since standard detection techniques used for the diagnosis of AI require considerable time (at least 4-7 days) to accomplish, the isolation and characterisation of AIV has recently been supported by reverse transcription polymerase chain reaction (RT-PCR) or its newer variant, the real-time RT-PCR (Fouchier et al., 2000; Lee et al., 2001; Spackman et al., 2002; Dybkaer et al., 2004) . Currently, nucleotide sequence analysis is being used to support or even replace the assays traditionally used for the characterisation of influenza viruses, e.g. determination of the intravenous pathogenicity index of an isolate (Lomniczi, 2004) .
Here we report the development of a novel real-time RT-PCR assay using a light upon extension (LUX) fluorogenic primer. The LUX assay does not require oligonucleotide probe and quencher molecule, instead, it uses only two primers -like conventional PCR -, one of which is labelled with a fluorophore molecule. This set-up enables melting curve analysis on completion of the amplification, which provides a convenient and reliable way for confirming its specificity. The developed assay is capable of rapidly detecting a broad range of influenza A viruses. Its specificity, sensitivity and cost-efficiency make the assay a useful tool for AIV detection.
Materials and methods

Viruses
The viruses used throughout the assay development comprised of archive and recent AIV isolates originated from the Debrecen Institute of the Central Veterinary Institute (CVI) and from the CVI, Budapest, Hungary ( Table 1 ). The archive isolates originated from the 1970s (Tanyi, 1972a, b) and 1980s (unpublished) from ducks, turkeys and guinea fowl, and included lyophilised isolates of the H4, H5, H6, H7, H10 and H11 subtypes of AIV. The recent isolates were of swan origin and all belonged to subtype H5. The isolates were passaged in embryonating chicken eggs to make working stocks of the virus. The titre of a virus stock was determined and expressed as the 50% egg infectious dose (EID 50 ) as described by Reed and Muench (1938) . 
Spiked samples
In order to test the usability of the LUX RT-PCR assay for screening purposes, 1 g of chicken faeces, previously tested to exclude the presence of AIV by egg inoculation and PCR, was spiked with 1 ml of the tenfold series of dilutions of a virus stock of A/guinea fowl/Hungary/2/75 (H7 subtype) strain of AIV with a titre of 10 6.5 EID 50 /0.2 ml. The final dilution was 10 -1.5 EID 50 /0.2 ml. From the spiked faeces 10% (w/v) suspensions were prepared in distilled water, and these suspensions were processed further in PCR as described below.
The LUX RT-PCR assay for AIV RNA extraction. RNA was extracted from 140 µl allantoic fluid or lyophilised virus strains reconstituted in distilled water with the QiAamp Viral RNA Mini Kit (Qiagen, Valencia, CA) as recommended by the manufacturer. RNA was eluted in 70 µl of elution buffer and one µl per reaction was used as template for the one-step RT-PCR.
Primers. In order to develop an assay that is capable of detecting a broad range of influenza A viruses sequence data of the matrix (M) gene were collected from the GenBank (Ito et al., 1991; Widjaja et al., 2004) . Alignments were prepared by using the GeneDoc software (Nicholas et al., 1997) . The primers were designed by the Primer Designer software (Version 2.0; Scientific and Educational Software State Line, PA, USA) and modified in order to meet the requirements for PCR assays using fluorogenic oligonucleotides (Nazarenko et al., 2002) . The LUX primer set includes a fluorogenic primer with a fluorophore attached to its 3' end and a corresponding unlabeled primer (http://www.invitrogen.com/lux). The fluorogenic primer has a short sequence tail of 4-6 nucleotides on the 5' end that is complementary to its 3' end. The resulting hairpin secondary structure provides optimal quenching of the fluorophore. When the primer is incorporated into double-stranded DNA during PCR, the fluorophore is dequenched and the signal increases by up to 10-fold. Thus, LUX primers do not require special probes or quenchers. Furthermore, this set-up enables the melting curve analysis of PCR products, providing a convenient way of differentiating amplicons from non-specific and primer dimer artefacts.
The two oligonucleotides used in the assays (Invitrogen) were AI-For-37 5'-gacctGATGAGTCTTCTAACCGAGGTC-3' where the T (in bold) next to the 3' end C is labelled with 6-carboxyfluorescein (FAM) fluorophore and the lower case letters indicate the nucleotides added to the target-specific sequences in order to form hairpin and AI-Rev-181 5'-TGTCTTTAGCCAYTCCATGAG -3' flanking a 145 bp-long fragment of the matrix gene. The locations of the forward and reverse primers regarding the nucleotide sequence of A/Hong Kong/213/03 (H5N1) AIV isolate (GenBank accession number AB212057) are positions 25-46 and 169-149, respectively.
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One-step real-time PCR. The Qiagen one-step RT-PCR kit (Qiagen, Valencia, CA) was used for the PCR assays in a final volume of 25 µl. The reaction mixtures were composed of the following components: one µl of the extracted RNA, 1 µl of kit-supplied enzyme mixture (including RT and hot-start Taq polymerase), 0.6 µM of forward and 1 µM of reverse primer, 400 µM (each) deoxynucleoside triphosphate, 1 mM MgCl 2 , 5 U RNase inhibitor (Amersham), 5 µl 5× Qiagen one-step buffer, and 14.2 µl RNase-free distilled water. The RT step conditions were 60 min 50 °C and 15 min 95 °C. The PCR cycling protocol was as follows: 45 cycles of 94 °C for 15 sec, 58 °C for 35 sec and 72 °C for 30 sec, and ultimately 72 °C for 1 min. In order to prove its versatility the assay was tested on BIORAD iCycler, ABI 7500 real-time PCR system, and Ro-torGene 3000 (Corbett Research, Australia) instruments, using the same reaction conditions, including the thermal profiles, as described above. After PCR, melting curve analysis of the amplified PCR products was carried out. DNase-/ RNase-free distilled water served as negative control in each reaction.
Specificity testing. A collection of 12 archive strains (Tanyi, 1972a, b) and four recent isolates of influenza viruses and clinical samples/isolates of 17 different types of clinically related heterologous pathogens were tested to evaluate the specificity of the assay (Table 1) . All these samples and isolates previously tested positive for the presence of the respective pathogens by standard diagnostic procedures of our institutes or, in the case of the recent H5N1 isolates, the results were confirmed by the Veterinary Laboratories Agency, Weybridge, UK (Pálmai et al., 2006) . Four amplicons of the detected viruses were sequenced from both sides at the Biomi Ltd., Gödöllő, Hungary, using the same primers without hairpin structure and fluorophore (GenBank accession no.: DQ533836-39).
Sensitivity testing. In order to test the sensitivity of the LUX RT-PCR assay, serial tenfold dilutions of the allantoic fluid containing the A/guinea fowl/ Hungary/2/75 AIV strain were prepared, ranging from 10 6.5 to 10 -1.5 EID 50 / 0.2 ml, and run in triplicates. The sensitivity of the assay was determined also on spiked chicken faeces samples using the same virus strain and dilution steps. The sample preparation was identical to that one described above.
Results
Specificity and sensitivity of real-time LUX RT-PCR
Each influenza virus sample tested positive by the LUX RT-PCR, while no amplification occurred when heterologous pathogens were used as targets (data not shown). The BLAST search of the nucleotide sequences of four PCR products verified that the 145 nucleotides long portion of the AIV matrix protein gene was amplified in the reaction (data not shown). In the melting curve analysis 88.5 ± 0.5 °C was found to be the melting point of the amplified products (data not shown).
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The sensitivity of the assay proved to be 10 -0.5 EID 50 /0.2 ml and 10 1.5 EID 50 / 0.2 ml when tested on serial tenfold dilutions of allantoic fluid containing virus suspension and on spiked chicken faeces samples, respectively. The standard curves generated from the amplification plots showed a linear correlation between C T values and the virus dilutions (Fig. 1) . The sensitivity of the LUX RT-PCR proved to be comparable to those of other published AIV detecting procedures that included a real-time RT-PCR using SYBR GREEN, a one-step RT-PCR, and an antigen capture enzyme immunoassay (Cattoli et al., 2004) . The sensitivity of the TaqMan assay described by Spackman et al. (2002) was 10 -1 EID 50 / 0.5 ml while the LUX RT-PCR detected 10 1.5 EID 50 /0.2 ml of AIV when tested on suspension of cloacal swab material and on spiked chicken faeces, respectively.
The results of the LUX assay on the different real-time PCR instruments were consistently reproducible (data not shown). The results revealed that the described LUX RT-PCR has appropriate specificity and sensitivity equal to or higher than those of other AIV-detecting assays (Cattoli et al., 2004) , except for a TaqMan assay (Spackman et al., 2002) that had a slightly lower detection limit on clinical samples. However, since infected birds excrete AIV in relatively high concentration in their faeces (Hori-moto and Kawaoka, 2001) , this should not compromise the usability of this technology in avian influenza surveillance and monitoring programs.
In conclusion, based on its specificity and sensitivity the presented LUX assay proved to be a good alternative test among the molecular methods developed to detect AIV. Considering its simplicity and cost efficiency, the LUX RT-PCR technology provides a novel and practical tool for the detection of AIVs.
Discussion
Avian influenza is of major concern both from the economic and public health points of view (Li et al., 2003; Reid and Taubenberger, 2003; Reid et al., 2004) . The accurate diagnosis of AI requires the rapid identification of AIV in clinical samples for the timely initiation of control and preventive measures. The various amplification methods, like RT-PCR and real-time RT-PCR based detecting assays, strongly facilitate the detection of AIV (Fouchier et al., 2000; Lee et al., 2001; Spackman et al., 2002; Spackman et al., 2003; Dybkaer et al., 2004; Cattoli et al., 2004) . The gel-based RT-PCR methods provide rapidity and high sensitivity. However, the separate visualisation step (gel electrophoresis) makes these methods rather laborious, time consuming, and the contamination risk is rather high. Real-time PCR assays are less laborious and have many further advantages, such as increased rapidity, reduced risk of contamination, easy automation and capacity to quantify the targets.
Our aim was to develop a simple variant of real-time PCR for the detection of AIV to further simplify the diagnosis of avian influenza infections. In order to develop a reliable and affordable assay, we selected the matrix protein gene as target for amplification to enable the system to detect a broad range of avian influenza viruses. In contrast to probe-based real-time PCR methods, e.g. the TaqMan procedure, the LUX RT-PCR enables melting curve analysis upon amplification that is a straightforward approach to control the formation of primer-dimer artefacts during PCR as well as possible contamination and to ensure reaction specificity and accurate quantification. The assay was tested in three different brands of real-time PCR instruments and showed high interlaboratory reproducibility as well.
